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Abstract

:

Simple Summary


Antibiotic resistance is a worldwide social and health crisis. The search for therapeutic alternatives, including the use of antimicrobial peptides (AMPs), is critical. AMPs are small molecules synthesized by a wide range of living organisms. Microbiological and mass spectrometric techniques were used to examine peptides in the hemolymph of larvae of the scavenger insect Hermetia illucens (Diptera, Stratiomyidae) after infection with Escherichia coli or Micrococcus flavus, as well as uninfected larvae, used as control. Microbiological assays allowed us to confirm antimicrobial activity of H. illucens AMPs, while via mass spectrometry we identified a set of 33 AMPs, expressed in different conditions: 20 AMPs were expressed in all the analyzed conditions, while 13 were differentially expressed after Gram negative or Gram positive bacterial challenge. Differentially expressed AMPs may be responsible for a more specialized action.




Abstract


Antimicrobial peptides (AMPs) are a chemically and structurally heterogeneous family of molecules produced by a large variety of living organisms, whose expression is predominant in the sites most exposed to microbial invasion. One of the richest natural sources of AMPs is insects which, over the course of their very long evolutionary history, have adapted to numerous and different habitats by developing a powerful innate immune system that has allowed them to survive but also to assert themselves in the new environment. Recently, due to the increase in antibiotic-resistant bacterial strains, interest in AMPs has risen. In this work, we detected AMPs in the hemolymph of Hermetia illucens (Diptera, Stratiomyidae) larvae, following infection with Escherichia coli (Gram negative) or Micrococcus flavus (Gram positive) and from uninfected larvae. Peptide component, isolated via organic solvent precipitation, was analyzed by microbiological techniques. Subsequent mass spectrometry analysis allowed us to specifically identify peptides expressed in basal condition and peptides differentially expressed after bacterial challenge. We identified 33 AMPs in all the analyzed samples, of which 13 are specifically stimulated by Gram negative and/or Gram positive bacterial challenge. AMPs mostly expressed after bacterial challenge could be responsible for a more specific activity.
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1. Introduction


Infectious diseases have always been one of the major threats to human and animal health and a major cause of morbidity and mortality [1,2]. The discovery of antibiotics was a powerful tool to support medicine for the treatment of bacterial infections and the associated complications. The progressive misuse of antibiotics has unfortunately favored the selection and spread of resistant populations of bacterial agents [3,4]. The drug-resistance phenomenon has a heavy impact on the world community [5,6]. Following the development of antibiotic-resistant bacterial strains and the reduced availability of effective antibiotics, a need to identify new molecules to be used for the development of alternative therapies is growing [7,8]. Antimicrobial peptides (AMPs) are small cationic molecules, containing from 10 to 50 amino acids, able to selectively bind the membranes of bacteria, disrupting them and inducing cell death [9,10]. They constitute one of the first lines of defense of organisms against a great variety of external agents [11,12].



Several characteristics of AMPs make them particularly interesting as potential therapeutic tools, as they manifest synergies with the acquired immune system [13] and demonstrate specificity towards prokaryotic cells [14]: due to their positive charge, the AMPs establish an electrostatic interaction with the surface of the pathogens that exposes a net negative charge [15,16]; they demonstrate broad-spectrum activity against viruses, bacteria and fungi [17], kill rapidly (99.9% of bacteria treated in 20 min) [18], show synergies with conventional antibiotics [19,20], are effective against antibiotic-resistant bacteria and they do not cause the selection of new resistant mutants, as they act on bacterial cell membranes with mechanisms different from those of common drugs [21].



AMPs are essential components of the first line of defense systems of bacteria, plants and animals, including mammals [22,23]. Their production within various organisms is specific and can occur in a constitutive manner or can be induced in response to an external insult by pathogens [23,24]. Among invertebrates, insects, with more than one million species described, represent a source of great interest. AMPs are part of the humoral immune response of insects [25,26,27]. In holometabolous species AMPs are biosynthesized mainly in the fat body and transferred into the hemolymph [28] from which they can spread and act throughout the organism; in heterometabolous species, they are produced by haemocytes and secreted into the hemolymph following infection [28,29,30,31]. One of the most appealing insects for the AMP production is the Diptera Hermetia illucens (Linnaeus, 1758), commonly known as black soldier fly. H. illucens larvae, attracted by specific volatile organic compounds [32], feed on decaying organic substrates of vegetable and animal origin [33,34,35], converting them into a high-value biomass made up of proteins and lipids that can be used in a variety of applications, including feed, energy and cosmetics industry [36,37], as well as to extract high-value compounds for application in biomedical and pharmaceutical fields [38,39,40]. Because of their nutritional substrates, they are exposed to a high and constant concentration of pathogenic microorganisms such as bacteria and fungi present in these substrates [41]. In order to survive, larvae have developed a powerful immune system, with high production of AMPs [42]. These molecules can be constitutively expressed, or their expression can be strongly influenced both by the microorganisms they come into contact with and by the composition of the diet itself [43]. The analysis of one of the H. illucens transcriptomes allowed the identification of 57 putatively active AMPs, also characterized by bioinformatic tools, belonging to different classes (defensins, cecropins, attacins, diptericins, knottin-like, stomoxyn-like, alo-1 like and lysozyme) [44,45]. Recent studies have also highlighted the potential antimicrobial activity of some H. illucens AMPs against Staphylococcus aureus, methicillin-resistant S. aureus and Pseudomonas aeruginosa [46,47]. H. illucens can potentially be an excellent source of new compounds to use alone or in synergy with common antibiotics, especially against resistant strains [48,49]. The aim of this work was to identify the AMPs in H. illucens hemolymph, both from uninfected larvae and from larvae infected with Escherichia coli (Gram negative) or Micrococcus flavus (Gram positive). The peptide component isolated from the hemolymph was analyzed via preliminary microbiological tests and via mass spectrometry to specifically identify constitutive and induced peptides, differentially expressed after bacterial challenge. These peptides could have potential application in biomedical and pharmacological fields, to make an innovative contribution to counteract the antibiotic-resistance issue.




2. Materials and Methods


2.1. Hermetia illucens Rearing


Hermetia illucens larvae were provided by Xflies s.r.l (Potenza, Italy). After egg hatching, larvae were fed on a standard Gainesville diet (30% alfalfa, 50% wheat bran, 20% corn meal) [50] at 70% moisture under controlled conditions of temperature (27 ± 1.0 °C), relative humidity (70% ± 5%) and photoperiod (12L:12D (h)) [35].




2.2. H. illucens Larval Infection and Hemolymph Collection


Escherichia coli (Gram negative, LMG:2092 strain) and Micrococcus flavus (Gram positive, DSM 19079) were incubated in 10 mL of Luria Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl), at 37 °C for 24 h, under shaking. A total of 1 mL of each bacterial culture was inoculated into a fresh LB broth, incubated at 37 °C and used for the experiment once the optical density (OD) at 600 nm reached 1. Last instar larvae of H. illucens were firstly washed with sterile water and then infected via a capillary dipped into the cell suspension of E. coli or M. flavus [51,52] in order to stimulate the production of different antimicrobial peptides (AMPs). Following the bacterial challenge, larvae were left in a controlled chamber at 27 °C for 24 h. A group of uninfected larvae was used as control. For each treatment, 100 larvae were used. To facilitate the spill of hemolymph, larval abdomens were punctured by a sterile capillary and the hemolymph from infected and uninfected larvae was collected, using a pipette (Gilson, Middleton, WI, USA), in ice-cold tubes, containing a fixed-minimum quantity of l-ascorbic acid (0.015 g) (Merck Millipore, Burlington, MA, USA), to prevent hemolymph melanization. To recover only the plasma and remove the cellular components, the extracted hemolymph was subjected to centrifugation at 10,000 rcf for 5 min at 4 °C. The recovered supernatant (cell-free hemolymph) was stored at −80 °C until use.




2.3. Peptide Fraction Precipitation by Organic Solvents


In order to separate the putative AMPs in the hemolymph from the higher molecular weight proteins, the plasma recovered from both uninfected and infected larvae was subjected to a precipitation protocol with methanol (Merck Millipore, Burlington, MA, USA), acetic acid (Merck Millipore, Burlington, MA, USA) and water in a 90:1:9 v/v ratio. Sample and solvent were mixed in a 1:9 v/v ratio. The sample was centrifuged for 45 min at 16,000 rcf at 4 °C. The obtained supernatant, containing compounds with a molecular weight lower than 30 kDa, was then vacuum dried to remove the organic solvents and resuspended in a volume of sterile water equal to the original plasma volume. To remove possible traces of lipids that could be co-extracted due to the use of methanol, a further treatment with hexane was performed. Specifically, an equal volume of hexane (Merck Millipore, Burlington, MA, USA) was added to each extract. The samples were vortexed and centrifuged at 16,000 rcf for 20 min at 4 °C [53]. The upper fraction, possibly containing lipids, was removed and stored for the subsequent evaluation via antibiogram assay (Section 2.5). All samples were subsequently stored at 4 °C until next use.




2.4. Protein Quantification via Bradford Assay


The concentrations of all samples were quantified with Bio-Rad Protein Assay, Dye Reagent Concentrate (Bio-Rad, Hercules, CA, USA), according to the Bradford method [54]. To calculate the concentration of the proteins of interest, a standard calibration using known concentrations of the Bovine Serum Albumin (BSA) protein (Merck Millipore, Burlington, MA, USA) was set up. The absorbance of the samples was measured at a wavelength of 595 nm using a spectrophotometer (Thermo Scientific, Waltham, MA, USA).




2.5. Evaluation of the Antibacterial Activity of Hemolymph via Antibiogram Assay


The in vitro evaluation of the antimicrobial activity of hemolymph extracts was carried out via antibiogram (agar diffusion test), using a solution of LB-Agar. A colony of E. coli and a colony of M. flavus were transferred each to 10 mL of LB and incubated overnight at 37 °C, under shaking. The bacterial culture was uniformly distributed on the agar-containing plates, using a cotton swab. Following its adsorption, 5 μL of each sample, the peptide fractions of the hemolymph extracted from infected and uninfected larvae, was dispensed onto the plate. As a negative control, 5 μL of sterile water was used. All tests were performed in triplicate, incubating the plate overnight at 37 °C.




2.6. Evaluation of the Hemolymph Antibacterial Activity via Bioautography (SDS Gel Overlay Method) Experiment


The antibacterial activity of the peptide fraction recovered from the plasma of infected and uninfected larvae was also evaluated via a bioautography experiment [55]. Briefly, two polyacrylamide gels were prepared (4% stacking, 12% running); one of the two gels was stained with a solution of Blue Coomassie (Merck Millipore, Burlington, MA, USA) in order to visualize the bands corresponding to the peptide samples, while the second gel was washed with Triton X-100 (Bio Rad, Hercules, CA, USA) at 2.5% for 1 h to remove the SDS and with Tris-HCl 50 mM pH 7.5 for 2 h to allow the renaturation of the peptides; finally, the gel was incubated in LB culture medium for 1 h. At the end of the incubation in LB, solid nutrient LB-agar culture medium (0.7%) containing E. coli or M. flavus cells was transferred onto the gel and incubated for 24 h at 37 °C. For each experimental condition, 20 μL of sample was loaded.




2.7. Evaluation of the Hemolymph Antibacterial Activity via Microdilution Assay


For the microdilution assay, performed against both E. coli and M. flavus cultures, the major quantity used in the antibiogram assay was used as a starting quantity (4.5 µg) that was subsequently subjected to serial dilution for a total of 6 serial dilutions (2.24 µg, 1.13 µg, 0.56 µg, 0.28 µg, 0.14 µg). Experimentally, cultures of both E. coli and M. flavus were seeded in 96-well plates (1 × 106 cells per well) and treated with the serial dilutions, reaching a final volume of 200 μL. Wells containing water and culture alone were used as controls. Plates were incubated at 37 °C to allow bacterial growth for 24 h of incubation, the absorbance of the samples under examination was measured using a spectrophotometer (Thermo Scientific, Waltham, MA, USA) at a wavelength of 600 nm. The experiments were carried out in three technical replicates for each of the three biological replicates. Results were reported as percentage of bacterial culture treated in different conditions compared to culture alone (control), whose value was considered as 100%.




2.8. SDS-PAGE and In Situ Hydrolysis


The peptide fraction extracted from H. illucens larvae infected with E. coli, M. flavus and from uninfected larvae (control) was fractionated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In detail, at 15 µL for each protein extract, the loading buffer 1X, composed of 2% SDS (Bio-Rad, Hercules, CA, USA), 50 mM TRIS-HCl pH 6.8 (Merck Millipore, Burlington, MA, USA), 10% Glycerol (Merck Millipore, Burlington, MA, USA) and bromophenol blue (Bio-Rad, Hercules, CA, USA), was added, and they were separated on a 20% SDS-PAGE gel. After the run, the gel was stained with GelCode™ Blue Safe Protein Stain (Thermo Fisher Scientific, Waltham, MA, USA) and destained with Milli-Q water. A total of 3 bands for each condition (E. coli, M. flavus, control) were cut and in situ hydrolyzed with trypsin as previously described [56]. Peptide mixtures were extracted in 0.2% formic acid (HCOOH) (Merck Millipore, Burlington, MA, USA) and acetonitrile (ACN) (Merck Millipore, Burlington, MA, USA) and vacuum dried via a SpeedVac System (Thermo Fisher Scientific, Waltham, MA, USA).




2.9. LC-MS/MS Analysis and Protein Identification


Each peptide mixture was dissolved in 10 μL of 0.2% HCOOH (Merck Millipore, Burlington, MA, USA) and analyzed via nano LC-MS/MS on an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a nanoLC system nano Easy II. Each peptide mixture was concentrated and desalted onto a trapping column (C18 Easy Column L = 2 cm, ID = 100 mm, Nano Separations, Nieuwkoop, the Netherlands), and then fractionated on a C18 reverse-phase capillary column (C18 Easy Column L = 20 cm, ID = 7.5 µm, 3 µm, (Nano Separations, Nieuwkoop, The Netherlands) with a flow rate of 250 nL/min. The gradient used for peptide elution ranged from 10% to 60% of eluent B in 69 min [57]. Eluents A and B have the following composition: 2% ACN LC-MS grade and 0.2% HCOOH, and 95% ACN LC-MS grade and 0.2% HCOOH, respectively. The MS/MS method was set up in a data-dependent acquisition mode (DDA), with a full scan ranging from 300 to 1800 m/z range, followed by fragmentation in CID modality of the top 5 ions (MS/MS scan) selected by intensity and charge state (+2, +3, +4 charges), and applying a dynamic exclusion time of 40 s [58]. The peak list generated was uploaded in Mascot software (version 2.4.0) and research was performed by using the in-house database named the “Hermetia illucens database”. The parameters for protein identification were as follows: “trypsin” as enzyme with at least one missed cleavage, “carbamidomethyl” as a fixed modification, “oxidation of Met” and “pyro-Glu at N-term if Gln” as variable modifications, 0.6 Da as MS/MS tolerance and 10 ppm as peptide tolerance. Scores threshold of matches for MS/MS data was fixed at 10 for all peptides.




2.10. Statistical Analysis


All experiments were performed in triplicates (three independent biological replicates) and results were expressed as means ± standard error. Data were analyzed via GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test.





3. Results


3.1. Evaluation of Sample Concentration


The concentration of the samples obtained following precipitation with organic solvents was evaluated via the Bradford assay. The values obtained are shown in the following table (Table 1):




3.2. Evaluation of the Antibacterial Activity of Peptide Fraction of Hemolymph via Antibiogram Assay


The peptide fractions recovered following precipitation with methanol/acetic acid/water (90:1:9 v/v ratio) of the plasma extracted from uninfected larvae and from larvae infected with E. coli or M. flavus, were first analyzed via agar diffusion test to evaluate their antibacterial effect against E. coli and M. flavus. The test performed both against E. coli and M. flavus revealed the presence of an inhibition zone, in correspondence with all the analyzed samples (Figure 1). Differences were detected against the two analyzed strains: halos were wider (Table 2) and well defined in the plate with M. flavus, compared to the E. coli plate, in which the bacterial growth was not completely inhibited, as demonstrated by a patina of bacterial cells on the halo surface.




3.3. Evaluation of the Antibacterial Activity of Peptide Fraction of the Hemolymph via Bioautography (SDS Gel Overlay Method) Assay


An electrophoretic analysis of the infected and uninfected samples, treated with methanol, acetic acid and water in a 90:1:9 ratio v/v was performed. Three identical gels (12% acrylamide) were prepared and at the end of the electrophoretic run, one of the gels was stained with Coomassie Blue, while on the other gels a bioautography test against E. coli and M. flavus was performed. Results in Figure 2a and Figure 3a show the presence of low molecular weight bands, around 10 kDa. Figure 2b and Figure 3b show an inhibition zone in correspondence with low molecular weight bands relative to the peptide fraction obtained following precipitation of the plasma extracted from all samples, and tested against E. coli and M. flavus, respectively. Figure 2c and Figure 3c show the overlay between the gel and the inhibition zone observed on bioautography, to confirm that the obtained inhibition comes from peptides around 10 kDa.




3.4. Evaluation of the Biological Activity of the Peptide Fractions via Liquid Microdilution Assays


Starting from the qualitative results obtained by agar diffusion and bioautography tests, microdilution assays against E. coli (Figure 4) and M. flavus (Figure 5) were performed.



All the analyzed samples are able to inhibit E. coli cell growth, although with different minimum inhibitory concentrations (MICs) and percentage of reduction. Indeed, sample control can inhibit cell growth by 42%, exclusively at the highest quantity tested (4.5 µg). The MIC of peptide fractions obtained from larvae infected with E. coli is 0.56 µg, with a reduction in cell growth of 50%, while as concerns peptide fractions obtained from larvae infected with M. flavus MIC is 1.13 µg, with a reduction in cell growth of 11%. The highest quantity of peptides obtained from larvae infected with E. coli is able to reduce the growth by 89%, while the highest quantity of peptides obtained from larvae infected with M. flavus is able to reduce the growth by 32%.



All the examined samples may prevent M. flavus cell development, albeit at varying MICs and reduction rates. Indeed, the highest tested quantity for the sample control (4.5 µg) can inhibit cell growth by 33%, whereas the MIC value (2.24 µg) inhibits the 14% growth. Differently to the MIC against E. coli, in the peptide fractions obtained from larvae infected with E. coli this value is 2.24 µg, with a reduction in cell growth of 63%, the same percentage obtained by the highest quantity used. As concerns peptide fractions obtained from larvae infected with M. flavus, the MIC value is 1.13 µg, with a reduction in cell growth of 33%. The highest quantity of this peptide fraction is able to reduce the growth by 69%.




3.5. Mass Spectrometry Analysis


After SDS analysis, bands were in situ hydrolyzed via trypsin, and the peptide mixtures were analyzed via LC-MS/MS. The raw data from mass spectrometry analysis were converted to mgf files and then inserted into the MASCOT software for protein identification. The protein database used consists of contigs containing putative protein sequences derived from H. illucens transcriptomes. Six putative protein sequences, each with a single reading frame, are presented for each contig. In Table S1a–d, the identified peptides are presented including the following information: experimental m/z value of the peptide, experimental mr value, the mascot score, the sequence of identified peptides, the contig code, the amino acid sequence frame (in red the peptides found by LC-MS/MS) and the frame number of the transcriptomic sequence obtained with SEQtools that match with the LC-MS/MS.



We identified 33 AMPs (Figure 6): 20 expressed in all the analyzed conditions, 6 absent in control and expressed only after infection with E. coli or M. flavus, 1 differentially expressed after infection of E. coli and 6 differentially expressed after infection with M. flavus. The 6 AMPs differentially expressed after the infection of both bacteria were 4 defensins, 1 attacin and 1 uncharacterized protein; the AMPs expressed after M. flavus infection were 4 cecropins and 2 defensins, while the differentially AMP expressed after E. coli infection was a defensin.





4. Discussion


In recent decades, the excessive and inappropriate use of antibiotics in human and veterinary medicine has contributed to an increase in the natural selection of resistant bacteria and a decrease in drug efficacy [59,60]. Few classes of antibiotics are now effective against some multi-resistant pathogenic bacteria and the worldwide spread of resistance genes is considered a scenario of extreme emergency [61]. For this reason, the search for new molecules with antibacterial activity represents one of the major current challenges for the scientific community. Antimicrobial peptides (AMPs) represent an excellent alternative to modern antibiotics [62,63]. AMPs are small molecules positively charged that selectively interact with the negatively charged bacterial surface [64]. One of the richest sources of AMPs is represented by the class of insects which is characterized by the large quantity and the diversity of its molecules and processes. Insects are organisms extremely well adapted to diverse habitats, primarily due to their innate immune system, which provides them with a range of cellular and humoral responses against microorganisms [65]. Moreover, insects can also feed on substances with different levels of contaminations, so they synthesize AMPs to fight such infections and survive in dangerous conditions [66]. AMPs extracted from insects have the potential to fight the microorganisms that act as hazards to human health [66,67]. One of the most interesting insect species is Diptera Hermetia illucens, which is able to produce a number of AMPs, far superior to that of other insects [44]. The wide spectrum of produced AMPs is directly related to the remarkable variety of substrates on which the larva feeds on. The present work is part of a broader project of identification and structural and functional characterizations of the AMPs produced by H. illucens larvae, in order to use them as highly innovative antimicrobial molecules. In this work, we focused on the in vitro evaluation of the antimicrobial activity of the peptide fraction of the hemolymph of H. illucens, following infection with the Gram negative bacterium Escherichia coli or the Gram positive Micrococcus flavus, via microbiological tests performed against E. coli and M. flavus themselves. Following the precipitation of the peptide fraction, a further extraction step in hexane was performed to ensure the absence of any traces of lipids, which have antimicrobial activity due to the presence of lauric acid [37]. As shown in Figure S1, no activity was detected in the upper fraction of the hexane extract, the fraction that should contain lipid traces, demonstrating that the antimicrobial activity detected is exclusively attributable to the AMPs. From our data, it is possible to highlight that AMPs produced by H. illucens are effective both against Gram positive and Gram negative bacteria, and that the expression of some AMPs can be induced following the stimulation by specific bacteria. Although the microbiological analyses (antibiogram, bioautography and microdilution assay) were the starting point of our experiments, for the identification of constitutive and inducible AMPs and the differential expression after the bacterial challenge with Gram negative and Gram positive bacteria, a mass spectrometry analysis was also performed. With a combined transcriptomic and proteomic approach, we identified 20 AMPs constitutively expressed, whose expression could increase after bacterial infection, and 13 inducible. The bacterial infection, indeed, stimulates the expression of specific peptides. Both E. coli and M. flavus induced the expression of 6 AMPs (defensins, attacins and cysteine-rich peptide), while a defensin was induced specifically by E. coli, cecropins and defensins by M. flavus. As expected, the most detected AMPs were defensins [45].



Usually, insect defensins are more active against Gram positive bacteria such as S. aureus [47] or Bacillus subtilis [68]; however, some of them also exhibit antimicrobial activity against Gram negative bacteria, in particular E. coli [47,69]. Defensin expression can be induced by Gram negative [70,71,72] or positive bacteria [70,73,74], as also recorded via experiments carried out in this work.



Cecropins, α-helical AMPs, are indiscriminately active against Gram negative bacteria, such as E. coli, Klebsiella pneumoniae, Salmonella typhimurium and Pseudomonas aeruginosa [75,76,77], or Gram positive bacteria, such as Staphylococcus and Bacillus species [75,76,77]. Their expression can be induced by both Gram positive and negative bacteria [78]: for example, in Lepidoptera, different microbial infections result in different patterns of cecropin gene expression, indicating that various signaling pathways can contribute to the same immune gene expression.



The results obtained from our experiments suggested that, depending on the bacteria used for the infection, different AMPs could be induced, as previously reported for Drosophila melanogaster [79,80], Diatraea saccharalis [65], Galleria mellonella [81], Rhynchophorus ferrugineus [82].



In Rocha et al., D. saccharalis larvae were challenged with E. coli and B. subtilis. The infection with the Gram positive bacteria induced more pronounced antibacterial activity (evaluated via antibiogram against B. subtilis) corresponding to an increase in the expression of 2 AMPs, a defensin and an attacin. Infection with Gram negative bacterium, on the other hand, induced an exclusive increase in the levels of the attacin [65].



In Mak et al. [81], Galleria mellonella larvae were challenged with E. coli and M. luteus and tested against E. coli, finding stronger activity by larvae challenged with the Gram negative bacterium. Then differentially expressed peptides were analyzed via HPLC analysis: firstly, it was observed that with the E. coli challenge a higher concentration of peptides was obtained, as also observed in our experiments, then it was detected that the most stimulated peptides were a proline-rich peptide, a cecropin-d-like peptide and an anionic peptide-3, this last stimulated also by Gram positive bacterium injection.



Similarly to our work, in Meghashree et al. [83], the infection with E. coli and S. aureus of D. melanogaster and Drosophila ananassae larvae showed an increase in protein concentration in hemolymph, and stronger antimicrobial activity, compared to uninfected larvae, in which no inhibition zones in the agar diffusion test were detected. HPLC analysis and the SDS PAGE for high molecular weight proteins showed a differential expression of induced peptides: 3 and 2 peptides were more expressed after E. coli/S. aureus infection in D. ananassae and D. melanogaster, respectively, while the SDS PAGE for low molecular weight proteins showed a single protein differentially expressed in both species exclusively after the E. coli infection. The LC-MS/MS analysis demonstrated that this protein was a cecropin. As reported by Meghashree et al. [83], the effect of non-induced AMPs is not always easily identifiable: for example, in contrast to our experiments, in experiments on the American Cockroach, Periplaneta americana, non-induced hemolymph also did not show any activity against both Gram positive and Gram negative bacteria, whereas induced hemolymph exhibited high activity against Micrococcus luteus but less against E. coli [84]. However, it is important to notice that, in our experiments, the control sample has a lower antimicrobial effect than the peptide fraction deriving from hemolymph of infected larvae.



The activity of hemolymph both against E. coli and M. flavus was consistent with what has been reported in the literature, even though not many studies analyze the activity of H. illucens hemolymph.



In many cases, an extract from larvae in toto is analyzed: for example, in Choi et al. and Auza et al., the antibacterial activity of methanolic extract of H. illucens larvae was detected against Gram negative bacteria (Klebsiella pneumoniae, Neisseria gonorrhoeae, Shigella sonnei, Salmonella typhimurium, E. coli and P. aeruginosa) [41,85].



To the best of our knowledge, only a few papers have focused on H. illucens hemolymph extract, testing it against few bacterial strains, E. coli (strain D31), M. luteus and S. aureus [55,86]. In Lee et al., H. illucens larvae were also immunized by Lactobacillus species, showing an increase in antimicrobial activity after the infection, as also reported in our paper in which larvae stimulated with Gram positive showed a major reduction in bacteria cell viability against this bacterial group [86]. In Zdybicka-Barabas et al., larvae infected with a Gram positive (M. luteus) or Gram negative bacterium (E. coli D31) and not infected larvae showed good activity exclusively against the Gram positive bacterium strain [55]. Slight activity against E. coli was detected exclusively in E. coli-challenged larvae, suggesting a higher sensitivity of the H. illucens AMPs towards Gram positive bacteria and that also the specific strain that is used for stimulation, and towards which the putative activity is to be detected, is fundamental.



In general, in our experiments the strongest antibacterial activity related to Gram negative or positive bacteria is related to the species used for the infection: indeed, the strongest activity against Gram positive bacteria was recorded in a peptide fraction derived from hemolymph of larvae infected with Gram positive bacteria, with also a lower MIC (1.13 µg) compared to control samples and samples derived from E. coli infection, whose MIC is 2.24 µg in both cases. Peptide fraction derived from hemolymph of larvae infected with E. coli showed the strongest activity against Gram negative bacteria, with a lower MIC (0.56 µg), compared to control samples and samples derived from larvae infected with M. flavus, whose MIC is 4.45 µg and 1.13 µg, respectively. Literature data together with results obtained in our studies encourage testing hemolymph extracts towards different strains of the same bacteria and other bacteria, pathogenic and not.



Further studies are needed, using different bacteria both for the infection that can stimulate the production of different AMPs, and the bacteria against which these peptides could be tested, since the same pool of molecules can have different inhibitory effects. The antimicrobial activity of some peptides (or peptide fractions), indeed, can be displayed in a different way, even on the same bacterial species, but deriving from a different strain. This specific expression could result from the activation of many signaling pathways that control the production of specific defense peptide genes.



The identification of the AMPs of H. illucens in the hemolymph and the subsequent production is the first step to find new molecules to use as therapeutic alternatives or in synergy with current antibiotics for applications in the pharmacological and biotechnological fields. Further investigation will include microbiological experiments on the specific peptides differentially expressed and an in silico molecular docking against bacterial proteins [44].




5. Conclusions


The peptide fraction of hemolymph of Hermetia illucens larvae showed antibacterial activity against both Gram negative Escherichia coli and Gram positive Micrococcus flavus bacteria, depending on used doses and larval infection: although uninfected larvae exhibit antibacterial activity, it can be improved with bacterial infection, inducing a major expression of specific AMPs. After microbiological assays, via mass spectrometry technique we identified 20 AMPs constitutively expressed and 13 inducible by M. flavus and E. coli infection. The identification of the AMPs of H. illucens in the hemolymph could be the starting point to discover alternative molecules to current antibiotics to overcome the problem of antimicrobial resistance.
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Figure 1. Agar diffusion test of peptide fractions obtained via precipitation with organic solvents, performed against E. coli (on the left) or M. flavus (on the right). (a) H2O, negative control; (b) peptide fraction from larvae infected with E. coli; (c) peptide fraction from uninfected larvae; (d) peptide fraction from larvae infected with M. flavus. The experiments were carried out in triplicate (three independent biological replicates). 
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Figure 2. SDS-PAGE (a) and bioautography (b) performed against E. coli of the samples obtained following precipitation with organic solvents. In (c), an overlay of the previous images is presented. M = marker, “All Blue Standards Biorad” (Biorad, Hercules, CA, USA). CTR = peptide fraction from uninfected larvae; M. flavus = peptide fraction from larvae infected with M. flavus; E. coli = plasma from larvae infected with E. coli. The experiments were carried out in triplicate (three independent biological replicates). 
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Figure 3. SDS-PAGE (a) and bioautography (b) performed against M. flavus of the samples obtained following precipitation with organic solvents. In (c), an overlay of the previous images is presented. M = marker, “All Blue Standards Biorad” (Biorad, Hercules, CA, USA). CTR = plasma from uninfected larvae; M. flavus = plasma from larvae infected with M. flavus; E. coli = plasma from larvae infected with E. coli. The experiments were carried out in triplicate (three independent biological replicates). 
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Figure 4. Microdilution assay against E. coli performed with the peptide fractions obtained via precipitation with organic solvents. CTR = peptide fractions from uninfected larvae; COLI = peptide fractions from larvae infected with E. coli; FLAVUS = peptide fractions from larvae infected with M. flavus. The black bars represent the untreated E. coli cell culture. Results are presented as percentage of viability of bacterial culture treated in different conditions compared to culture alone (control), whose value was considered as 100%. Data are expressed as means ± standard error of three independent biological replicates and statistical significance was evaluated with one-way ANOVA followed by Bonferroni post hoc test (* p < 0.1, *** p < 0.001, **** p < 0.0001). 
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Figure 5. Microdilution assay against M. flavus performed with the peptide fractions obtained via precipitation with organic solvents. CTR = peptide fractions from uninfected larvae; COLI = peptide fractions from larvae infected with E. coli; FLAVUS = peptide fractions from larvae infected with M. flavus. The black bars represent the untreated M. flavus cell culture. Results are presented as percentage of viability of bacterial culture treated in different conditions compared to culture alone (control), whose value was considered as 100%. Data are expressed as means ± standard error of three independent biological replicates and statistical significance was evaluated with one-way ANOVA followed by Bonferroni post hoc test (* p < 0.1, **** p < 0.0001). 
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Figure 6. Number and classes of AMPs identified via the LC-MS/MS in different experimental conditions: A = peptides identified both in infected and uninfected larvae; B = peptides identified in larvae infected with E. coli or M. flavus; C = peptide identified exclusively in larvae infected with E. coli; D = peptides identified exclusively in larvae infected with M. flavus. 
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Table 1. Concentrations of the samples obtained via precipitation with organic solvents from plasma extracted from uninfected larvae or larvae infected with E. coli or M. flavus. Data are expressed as mean ± standard errors of three independent biological replicates.
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	Uninfected Larvae
	Larvae Infected with E. coli
	Larvae Infected with M. flavus





	Precipitation with organic solvents
	0.583 ± 0.02 µg/µL
	0.739 ± 0.07 µg/µL
	0.930 ± 0.03 µg/µL
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Table 2. Diameters (mm) of inhibition zones formed by peptide fraction, obtained via precipitation with organic solvents, from uninfected larvae, larvae infected with E. coli or larvae infected with M. flavus. Data are expressed as mean ± standard errors of diameters measured via antibiogram of three independent biological replicates. Different letters indicate significant differences between the same sample against the different strains (capital letters) and among different samples against the same strains (lowercase letters). Data are analyzed with one-way ANOVA and Bonferroni post hoc test (p value E. coli = 0.2690, M. flavus = 0.0046) and unpaired t-test with Welch’s correction (p value uninfected larvae = 0.8113, larvae infected with E. coli = 0.3868 and larvae infected with M. flavus = 0.0824).
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	Uninfected Larvae
	Larvae Infected with E. coli
	Larvae Infected with M. flavus





	E. coli
	6.67 ± 1.2 aA
	8.67 ± 0.3 aA
	8.00 ± 0.5 aA



	M. flavus
	6.33 ± 0.3 bA
	8.00 ± 0.6 aA
	9.67 ±0.3 aA
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